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Agricultural pesticides represent a significant class of endocrine-disrupting chemicals 40 
(EDCs) to which non-target organisms around the world are constantly exposed. 41 
Laboratory studies have found strong evidence showing the endocrine-disruptive potential 42 
of these pesticides at environmentally relevant exposure levels. Since the field of endocrine 43 
disruption continues to grow in richness and complexity, this review aims to provide an 44 
update on the effects of two agricultural pesticides that act as EDCs: atrazine and 45 
endosulfan. We will focus mainly on the effects on crocodilians due to their worldwide 46 
occurrence in tropical and sub-tropical wetland ecosystems and their ecological and 47 
physiological features, which render them vulnerable to exposure to pesticides with 48 
endocrine-disrupting action at all life stages. The results here reviewed provide important 49 
insights into the effects of hormonally active agricultural pesticides at cellular, tissue, and 50 
organ levels in the reproductive system of crocodiles. A better understanding of the effects 51 
of exposure to environmentally relevant doses of EDCs on the reproductive system of 52 
crocodilians will contribute to protect and improve the health of both wildlife species and 53 
humans. 54 
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1. INTRODUCTION 78 
Agriculture is the main source of food for humans ad domestic animals. Major 79 
tasks to ensure crop production include increasing crop yield and reducing crop loss from 80 
pest injury. To increase crop yield, herbicide-resistant crops, such as glyphosate-resistant 81 
soybean, have gained widespread acceptance. Although the use of herbicide-resistant crops 82 
initially met this purpose, it has led to pesticide (h rbicide) overuse and increasing pesticide 83 
environmental pollution. Nowadays, new approaches for crop disease management, such as 84 
the development of genetically modified pest-resistant crop varieties (Li et al., 2016) and 85 
the use of engineered nanomaterials as pesticides (Adi a et al., 2019), may reduce pesticide 86 
use and pollution. However, the use of conventional pesticides (insecticides, fungicides and 87 
bactericides) is currently the strategy of choice (Zhang, 2018). 88 
Soil and water bodies adjacent to agricultural fields sustain complex living 89 
communities interacting within large food webs. Although these communities are not 90 
considered the target of weed control practices, they can be either directly or indirectly 91 
exposed to pesticides. Pesticide application techniques and pesticide overuse constitute a 92 
substantial source of contamination for non-target sys ems (Pereira et al., 2009). Therefore, 93 
non-target organisms are of primary interest when addressing the potential adverse effects 94 
of pesticides. 95 
The habitat fragmentation due to increased conversion of natural habitats into 96 
agricultural fields and the use of pesticides classified as endocrine-disrupting compounds 97 
(EDCs) influence the distribution and abundance of wildlife species. The concept of EDCs 98 
emerged from observing that few natural compounds and a large number of man-made 99 
chemicals released into the environment impact on the wildlife population and have the 100 
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potential to disrupt the endocrine system of animals, including humans (Bern et al., 1992). 101 
Exposure to EDCs can cause different effects according to the developmental stage at 102 
which the exposure occurs. Since the endocrine systm exhibits an organizing effect on the 103 
developing embryo, a disruption of the normal hormonal signals can permanently modify 104 
the organization and future function of the reproductive system (Guillette et al., 1995). 105 
Amphibians and reptiles are experiencing a worldwide decline, and environmental 106 
pollutants are one of the putative causes (Gibbons, 2000; Hopkins, 2000.; Whitfield et al., 107 
2007). The ubiquitous distribution of endocrine-disrupting contaminants and their 108 
documented, nonlethal, multigenerational effects on the reproduction, development, 109 
behavior and immune systems of several species have led to concern about the impact of 110 
EDC exposure on wildlife worldwide (Bergman, 2012). The reproductive disorders in 111 
wildlife reported to date include reduced fertility, reduced hatchability, reduced viability of 112 
offspring, impaired hormone secretion and activity, and modified reproductive organ 113 
histoarchitecture. 114 
Certain wildlife taxa such as amphibians are especially vulnerable to chemical 115 
perturbation and, as mentioned above, are suffering alarming population declines. One 116 
possible reason for this is that the breeding season of many amphibian species coincides 117 
with the seasonal application of pesticides in spring and early summer. A mechanism that 118 
may account for these population declines is the disruption of the amphibian pheromonal 119 
systems by agrochemical pesticides (Park et al., 2001). Since the pheromonal system plays 120 
a critical role in the conspecific recognition, migration, social behavior, and reproduction of 121 
amphibians, agrochemical disruption may compromise important aspects of the amphibian 122 
behaviour regulated by pheromones, such as mate choice and mating success. In addition, it 123 
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has been demonstrated that the greater the agricultu al intensity, the greater the number and 124 
severity of defects in toad populations (Hamlin andGuillette, 2010). 125 
Understanding the developmental consequences of endcri e disruption in wildlife 126 
can lead to the discovery of new indicators of exposure to EDCs. Thus, wildlife serves as 127 
an important sentinel of ecosystem health. Eco-epidem ological approaches examining 128 
wildlife reproductive abnormalities combined with traditional toxicological studies 129 
identifying causation can provide the best model to predict ecosystem concerns due to 130 
environmental contamination (Tabor and Alonso Aguirre, 2004). Wildlife has proven 131 
valuable to our understanding of the potential effects of EDCs on human health by 132 
considerably contributing to our understanding of the mechanisms and consequences of 133 
EDC exposure. However, the threats posed by EDCs to populations of wildlife species are 134 
also significant, particularly to endangered species whose existence is vulnerable to any 135 
reproductive perturbation. Recently, Tubbs and McDonough (2018) addressed this subject 136 
and reviewed the literature concerning EDC effects on endangered species. 137 
Since the richness and complexity of the field of endocrine disruption continues to 138 
grow, the aim of this review is to provide an update on the effects of two agricultural 139 
pesticides that act as EDCs: atrazine (ATZ) and endosulfan (END) (Luque et al., 2018). We 140 
focus mainly on crocodilians due to their worldwide occurrence in tropical and sub-tropical 141 
freshwater ecosystems (Martin, 2007) and their ecological and physiological features, 142 
which render them vulnerable to exposure to pesticides with endocrine-disrupting action at 143 
all life stages. Crocodilians are widely considered as critical components of freshwater 144 
ecosystems, but nearly half of the 25 crocodilian extant species are listed as threatened 145 
(IUCN, 2017). As an example, Somaweera et al. (2019) summarized the existing 146 
knowledge on the various direct and indirect threats f ced by Crocodylus johnstoni. In 147 
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addition, a growing body of literature has demonstrated that the growth, reproduction and 148 
survival of crocodilians are influenced by the wide array of xenobiotic compounds 149 
introduced into the environment by agricultural activities (Beldomenico et al., 2007; 150 
Gonzalez-Jauregui et al., 2012; Milnes et al., 2008; Stoker et al., 2011). Crocodilians, due 151 
to their long life-span and carnivorous food habits, bioaccumulate contaminants, 152 
particularly lipophilic organochlorine pesticides (OCPs). Studies have shown the presence 153 
of OCPs in eggs and tissues of several species of crocodilians (Bouwman et al., 2014; 154 
Guillette  et al., 2000; Guillette et al., 1999; Nilsen et al., 2017; Rainwater et al., 2002; 155 
Stoker et al., 2011; Wu et al., 2006; Yoshikane et al., 2006), as well as the resulting 156 
reproductive impairment and population declines (Crain and Guillette, 1998; Guillette and 157 
Guillette, 1996; Stoker et al., 2011; Stoker et al., 2013). 158 
 159 
2. AGRICULTURAL PESTICIDES AS ENDOCRINE-DISRUPTING 160 
COMPOUNDS 161 
2.1. Environmental concentrations of ATZ and END 162 
Most pesticide application techniques drive agricultural pesticides directly or 163 
indirectly into soils. Thus, agricultural soils are the primary recipients of these pesticides, 164 
and water bodies adjacent to agricultural areas are usually the ultimate recipients of 165 
pesticide residues. Table 1 summarizes the environmental concentrations of ATZ and END. 166 
ATZ is a widespread used herbicide, whereas END is an OCP widely used in the past 167 
decades, which have been classified as an EDC. Although many OCPs have been banned, 168 
wildlife is still currently exposed (Jurgens et al., 2016). Due to their lipophilic properties, 169 
OCPs accumulate in adipose tissues and reach the organisms not only by direct exposure 170 
but also through the diet and from the mother to the eggs during vitellogenesis in oviparous 171 
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species (Muñoz-de-Toro et al., 2006; Stoker et al., 2011). Although not a lipophilc 172 
compound itself, ATZ and its metabolite diaminochlorotriazine (DACT), have been found 173 
in tissues of turtle at concentrations similar to th se found in water (Douros et al., 2015).  174 
2.2 Mechanisms involved in ATZ and END endocrine disruptive actions 175 
END and ATZ are important EDCs, whose mechanisms of action are summarized in Table 176 
2. END is an OCP with long persistence in the environment, which has been classified both 177 
as a xenoestrogen and a xenoandrogen. In vitro and in vivo studies have demonstrated that 178 
its estrogenic actions are mediated mainly via estrogen receptor (ER) signaling pathways 179 
(Lemaire et al., 2006; Soto et al., 1994; Varayoud et al., 2008). On the other hand, Lemaire 180 
et al. (2004) reported that END endocrine activities in vivo probably result from direct and 181 
specific binding to the androgen receptor (AR) ligand-binding domain, while Viswanath et 182 
al. (2010) described END as a potent anti-androgenic compound identified in an in vitro 183 
assay. Recently, Sebastian and Raghavan (2015) using docking studies described the three-184 
dimensional structure of END binding pattern with AR. END has also been shown to 185 
inhibit progesterone receptor (PR) binding in American alligators (Vonier et al., 1996). 186 
END endocrine disruptive actions could also be the consequence of an alteration in 187 
metabolism pathways (Coumoul et al., 2002). 188 
ATZ is known to behave both as an antiandrogen (Hayes et al., 2011) and as a 189 
xenoestrogen (Fan et al., 2007; Holloway et al., 2008; Luque et al., 2018). Although ATZ is 190 
estrogenic, it seems unable to bind ER (Mizoguchi and Valenzuela, 2016) and is considered 191 
an estrogen agonist due to its ability to induce aromatase activity, which in turn leads to 192 
inappropriate and excessive estrogen production (Luque et al., 2018; Roberge et al., 2004). 193 
ATZ induces aromatase in the gonads of fish (Suzawa and Ingraham, 2008) and amphibians 194 
(Hayes et al., 2010; Keller and McClellan-Green, 2004) and in human cell lines (Fan et al., 195 
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2007; Holloway et al., 2008; Sanderson et al., 2001). Moreover, ATZ interferes with 196 
thyroid homeostasis, as evidenced by its effects on amphibian metamorphosis, a well-197 
known thyroid-regulated process. Although other factors, such as estrogenic or 198 
glucocorticoid pathways, cannot be ruled out in them tamorphosis of anuran species 199 
(Brodeur et al., 2013), the fact that ATZ binds to the thyroid hormone receptor (Xiang et 200 
al., 2017) provides strong evidences supporting its thyroid-disrupting activity. Both ATZ 201 
and END can also disrupt the endocrine pathways by epigenetic modulation of gene 202 
expression, altering key molecules, such as receptors or steroidogenic enzymes (Clearly et 203 
al., 2019; McBirney M et al., 2017; Milesi et al., 2017). When epigenetic changes occur 204 
during certain stages of development, they become permanent and can be inherited by the 205 
offspring, even leading to transgenerational effects (Clearly et al., 2019; Nilsson et al., 206 
2018) 207 
 208 
3. CAIMAN LATIROSTRIS: A SENTINEL OF WETLAND HEALTH 209 
Caiman latirostris, the broad-snouted caiman, is a crocodile species widely 210 
distributed in South America. It resides in coastal freshwater and marsh habitats of 211 
Uruguay, northeastern Argentina, Paraguay, Bolivia and the southern region of Brazil. The 212 
ecological and physiological features of C. latirostris, such as its terrestrial and aquatic 213 
habits, longevity, apex predator position in the food web, and sex determination plasticity 214 
(Stoker et al., 2003), make it particularly vulnerable to the exposure to agrochemicals. At 215 
embryonic stages, caimans may be exposed to contaminants by maternal transfer and 216 
through the eggshell. After hatching, the main routes of contaminant exposure are the 217 
remaining yolk sac, the diet, and the aqueous enviro ment. The diet of caimans, which 218 
consists mainly of fish, is an important source of exposure to persistent lipophilic 219 
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compounds such as OCPs (Muñoz de Toro et al., 2006), similarly to that reported for Nile 220 
crocodiles eating tilapia (Buah-Kwofie et al., 2018). After ingestion, OCPs are absorbed 221 
through the digestive tract, transported to other tissues, and deposited into lipid storage 222 
(Bargar et al., 1999). 223 
Effective monitoring of new and ever-changing environmental and human health 224 
hazards requires diverse wildlife indicator species. In this context, since top predators as 225 
caimans are essential to maintain the integrity of fo d webs, biomagnification of EDCs can 226 
affect entire ecosystems by harming species at the highest trophic levels. Caiman 227 
population stability is critical to keep the balance and health of wetland ecosystems. 228 
Therefore, conducting research on the effects of pesticide exposure on C. latirostris is 229 
especially important, not only to assess the impact on caiman populations but also to further 230 
characterize this species as a sentinel of ecosystem health. The characterization of C. 231 
latirostris as a sentinel species may allow the detection of regions with high contamination 232 
burdens. To this aim, the high site fidelity of caim ns is a useful characteristic (Stoker et 233 
al., 2011). It has been proposed that emerging sentinel species should signal more than a 234 
“cause and effect” relationship specific to the organism (Tabor and Alonso Aguirre, 2004). 235 
Instead, the chosen species should highlight ecological relationships between the impacted 236 
sentinel and its ecosystem relevant to the well-being of local human populations (Tabor and 237 
Alonso Aguirre, 2004). 238 
 239 
4. EFFECTS OF AGRICULTURAL PESTICIDES ON SEX DETERMINATION 240 
AND GONADAL DIFFERENTIATION 241 
Sex determination is the process that guides bipotential gonads to develop into 242 
testicles or ovaries. It can be initiated by the activ tion of a specific gene, by the influence 243 
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of the environment, or by both. The process of sex d termination leads to gonadal 244 
differentiation (i.e. the development of ovaries or testes) and ends when the gonad is 245 
irreversibly compromised to be a testicle or an ovary (Warner, 2011). The sex of the 246 
offspring of all crocodilians, some lizards, and many turtle species is determined by the 247 
environment (Bull, 1980). The main factor that determines the sex of the progeny in the 248 
absence of sex chromosomes is the incubation temperatur  of the eggs during a critical 249 
period of development (thermosensitive period) (Valenzuela et al., 2014). This process is 250 
known as temperature-dependent sex determination (TSD) (Gilbert, 2000; Lang and 251 
Andrews, 1994). In species with TSD, temperature initiates a cascade of molecular events 252 
that favors the development of male or female gonadal organs by altering gene expression 253 
and cellular signaling of steroid hormones, hormone receptors, and steroidogenic enzymes 254 
(Mizoguchi and Valenzuela, 2016). From the eco-evo-devo perspective, TSD is a prime 255 
example of phenotypic plasticity (Martinez-Juarez and Moreno-Mendoza, 2019; 256 
Matsumoto and Crews, 2012). 257 
The sex determination of crocodilians and turtles involves the critical role of 258 
estrogens. In this sense, several researchers have found that the administration of 17β-259 
Estradiol (E2) during the thermosensitive period overrides the effects of the male 260 
incubation temperature, producing phenotypic females in Trachemys scripta, Alligator 261 
mississippiensis, and C. latirostris, among other species (Crain et al., 1997; Crews et al., 262 
1996; Milnes et al., 2002; Stoker et al., 2003). This effect has been defined as sex reversal 263 
or estrogen-induced sex determination (Canesini et al., 2018; Crews et al., 1991; Crews et 264 
al., 1991; Holleley et al., 2016; Tousignant and Crews, 1994; Wibbels et al., 1992). The 265 
role of estrogens in sex determination is important o be evaluated because it is known that 266 
most EDCs exhibit estrogenic activity and are classified as xenoestrogens (Sonnenschein 267 
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and Soto, 1998). The actions of estrogens are mediated by a plethora of molecular 268 
mechanisms that constitute different pathways through which xenoestrogens trigger their 269 
effects. In caimans, studies have shown that bisphenol A (BPA), a classical EDC with 270 
estrogenic activity, induces sex reversal when caiman embryos from eggs incubated at the 271 
male-producing temperature (33°C) are exposed to an environmentally relevant dose 272 
(Stoker et al., 2003). In addition, Beldoménico et al. (2007) reported that, despite the 273 
estrogenic activity demonstrated for ATZ, exposure of caiman embryos to an ecologically 274 
relevant dose of ATZ topically administered to eggs prior to the thermosensitive period 275 
failed to produce females at the male-producing temperature (33ºC). These authors also 276 
observed that, conversely, all eggs treated with E2 and incubated at 33ºC were females. 277 
Following the protocol of Beldoménico et al. (2007), Canesini, (2018) showed that this 278 
ecologically relevant dose of ATZ increased the expression of genes intimately involved in 279 
testicular development, such as mh and sox-9, as well as the expression of proteins 280 
involved in the estrogenic pathway, such as estrogen receptor alpha (ERα), PR and 281 
aromatase. 282 
In A. mississippiensis, Crain et al. (1997) reported that the gonadal adrenal 283 
mesonephros complex (GAM) from embryos exposed in ovo t  ATZ showed a tendency to 284 
produce higher than normal levels of aromatase in developing testis in vitro, suggesting that 285 
ATZ could alter embryonic steroidogenesis. In male African clawed frogs, Xenopus laevis, 286 
a species with genetic sex determination, (Hayes et al., 2010) found that exposure to ATZ 287 
decreased testosterone levels, testicular size, number of Sertoli cells, sperm production, 288 
fertility, and the number of germ cells and increased the levels of aromatase expression as 289 
compared with control males. Since both aromatase expression and androgen levels are 290 
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critical for sex differentiation, the results of Hayes et al. allow concluding that this process 291 
is clearly affected by exposure to ATZ. 292 
In Rana pipiens and Acris blanchardi, studies have shown that ATZ can alter the 293 
sex ratios and reduce metamorphic success, prolonging the time of this process (Hoskins 294 
and Boone, 2018; Langlois et al., 2010). Furthermore, in the turtle Chelydra serpentina, 295 
hatchlings born from eggs exposed to ATZ, either experimentally or environmentally, have 296 
been shown to develop oocytes in the testis, demonstrating that ATZ could affect gonadal 297 
development, even without causing complete sex reversal (de Solla et al., 2006). 298 
ATZ exposure also affects reproduction in fishes. A an example, Cleary et al. 299 
(2019) have recently reported that the F2 generation of Medaka (Oryzias latipes) exposed 300 
to an environmentally relevant dose of ATZ showed a reduced fertilization rate. These 301 
authors also found significant transgenerational differences in the expression patterns of 302 
genes that play critical roles in gametogenesis, steroidogenesis and DNA methylation 303 
(Cleary et al., 2019). These results suggest that, although early life exposure to ATZ did not 304 
cause significant phenotype changes in the directly exposed Medaka F0 generation, 305 
subsequent generations of fish were at greater risk of reproductive dysfunction (Cleary et 306 
al., 2019). 307 
Female and male caiman reproductive tissues are highly sensitive to the effects of 308 
END (Durando et al., 2016; Durando et al., 2013; Rey et al., 2009; Stoker et al., 2008). 309 
Several studies have shown that in ovo exposure to a single high dose of END (20 ppm) did 310 
not override the temperature effect on C. latirostris males in sex determination, but 311 
modified the testis histoarchitecture in hatchlings and increased the expression of sex-312 
determining genes (amh, Sf1 and Sox-9) in neonates (Beldomenico et al., 2007; Durando et 313 
al., 2013). Studies in marine crustacean species, such as Palaemonetes pugio and Daphnia 314 
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magna, have reported that the embryos treated with END showed a delay in developmental 315 
processes: increased hatching time in P. pugio (Wirth et al., 2001) and delayed molting 316 
process in D. magna (Palma et al., 2009). In the male Asian catfish (Clarias batrachus), 317 
Rajakumar et al. (2012) found that exposure to a very low dose of END (2.5 µg/L) at 50 318 
days post-hatch modulated testis growth by decreasing the progression of differentiation of 319 
spermatogonia to spermatocytes. These authors also found that END decreased the 320 
expression of several genes, including testis-related transcription factors (dmrt1, sox9a and 321 
wt1), which play a vital role in catfish testicular differentiation/development. Similarly, 322 
they detected a low expression of genes related to ster idogenesis (11β-hsd2, 17β-hsd12, 323 
P450c17 and star) and orphan nuclear receptors (nr2c1 and Ad4BP/SF-1) (Rajakumar et 324 
al., 2012). 325 
Although ATZ and END behave as estrogen agonists, their potencies are lower than those 326 
of E2 or BPA since neither ATZ nor END affect reptile sex determination (de Solla et al., 327 
2006; Beldomenico et al., 2007). On the other hand, many reports (summarized in Tables 3 328 
and 4) support the influence of both agrochemicals on gonadal development/differentiation 329 
in a vast array of aquatic wildlife species. 330 
 331 
5. EFFECTS OF AGRICULTURAL PESTICIDES ON GONAD 332 
HISTOARCHITECTURE AND FUNCTIONS 333 
Estrogen receptor alpha is expressed in the gonad of caiman embryos from stages 22 334 
to 24, when the gonad is still bipotential and differentiation is at its onset (Canesini et al., 335 
2018). Thus, the caiman gonad could be disrupted by in ovo exposure to EDCs that act as 336 
xenoestrogens through ERα, such as END, or by EDCs that increase the endogenous 337 
estrogen synthesis, such as ATZ. 338 
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5.1 Males 339 
Rey et al. (2009) showed that in ovo exposure to an environmentally relevant dose 340 
of ATZ disrupted the testicular histoarchitecture in caiman hatchlings. These authors 341 
observed disorganized and tortuous seminiferous tubules that exhibited a loss of 342 
intratubular intercellular connections (which play  critical role in the control of cell 343 
proliferation and differentiation during spermatogenesis) (de Montgolfier et al., 2007; 344 
Sridharan et al., 2007) and either emptied tubular l mens or luminal cellular detritus. Rey et 345 
al. (2009) also observed altered organization of the peritubular myoid cells, providing 346 
evidence that ATZ endocrine-disrupting effects on the caiman testis may be mediated in 347 
part through alterations in mesenchymal–epithelial cel interactions. Thus, collectively, 348 
long-lasting effects on caiman reproductive performance could be expected. 349 
Hayes et al. (2011) reviewed the effects of ATZ on male gonads across vertebrate 350 
classes and concluded that ATZ demasculinizes male gonads, producing testicular lesions 351 
associated with reduced germ cell numbers in fish, amphibians, reptiles, and mammals, and 352 
induces partial and/or complete feminization in fish, amphibians, and reptiles. The authors 353 
stated that plausible and coherent mechanisms that may explain these effects include 354 
decreasing androgen levels and induction of estrogen synthesis (Hayes et al., 2011). 355 
The histoarchitecture of the testes of C. latirostris is also disrupted by experimental 356 
embryonic exposure to END during the critical period of sex determination. In this species, 357 
(Rey et al., 2009) found that the balance between the proliferation and apoptosis of 358 
testicular cells of hatchlings was altered. Moreover, Durando et al. (2013; 2016), following 359 
the same exposure protocol as Rey et al., demonstrated that the histoarchitecture of the 360 
testes was altered not only in 10-day-old hatchlings, but also in 90-day-old and juvenile 361 
caimans. As described in ATZ-exposed caimans, these authors also found that testes from 362 
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caimans exposed to END showed disorganized seminiferous tubules, with loss of 363 
intratubular intercellular connections and either emptied tubular lumens or luminal cellular 364 
detritus. Besides, Durando et al. (2013) observed thickening of the peritubular connective 365 
tissue, a fact that could interfere with the paracrine signaling of the testis, leading to an 366 
impaired testicular function. The changes observed in caiman testes long after exposure 367 
ended highlight the vulnerability of the embryo to a single dose of END. Stoker et al., 2011, 368 
detected END residues in caiman eggs harvested in areas with high agricultural activity. 369 
Thus, C. latirostris could be naturally exposed to END and thus suffer th  consequences 370 
described above. Durando et al. (2013) also found that, besides disrupting the 371 
histoarchitecture of the testes, in ovo exposure to END increases mRNA expression of amh, 372 
sox9 and sf-1 in GAM complexes of 10-day-old males. Similarly, Kohno et al. (2008) 373 
described that juvenile American alligators living i  a lake polluted with a complex mixture 374 
of environmental contaminants exhibited an increased expression of sf-1 mRNA compared 375 
to alligators from a non-contaminated lake. Kohno et al. (2008) also suggested that, in 376 
males, sf-1 regulates the transport of cholesterol needed for steroid synthesis, whereas in 377 
females dax-1 regulates transcription of P450arom, which is essential for the convertion of 378 
androgens to estrogens. Therefore, a sexually dimorphic pattern of alterations of 379 
interactions between steroid hormones, their receptors and related genes in polluted 380 
environments could be expected. 381 
The fact that caimans exposed to END show decreased lev ls of testosterone (Rey et 382 
al., 2009) and increased levels of sf-1 expression, even if these seem opposed, suggests that 383 
END can modify other steps in the steroidogenic pathw y such as StAR or steroidogenic 384 
enzymes, as reported for other xenoestrogens or in other species (Guyot et al., 2004; 385 
Rajakumar et al., 2012).  386 
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5.2 Females 387 
As known, ovarian follicle development and progression through successive stages 388 
of folliculogenesis are complex processes finely regulated by cell–cell and cell-extra 389 
cellular matrix interactions that require appropriately timed endocrine signals (Van 390 
Voorhis, 1999); thus, exposure to EDCs could impair follicular dynamics. In caimans, the 391 
ovaries of neonatal individuals are characterized by the presence of abundant germ cells 392 
clusters and follicles in stages I–III, whereas those f pre-pubertal juvenile caimans present 393 
fewer cell clusters and exhibit follicles not only at stages I–III, but also at advanced pre-394 
vitellogenic stages (Stoker et al., 2008; Stoker et al., 2003). Stoker et al. (2008) found that 395 
the exposure of the embryonic ovary of C. latirostris to ATZ or END accelerated follicular 396 
dynamics, showing a higher proportion of type III follicles, which is the most advanced 397 
follicular stage seen in neonatal controls. On the other hand, E2- or BPA-exposed caimans 398 
exhibited multioocyte follicles, whereas un-exposed caimans and ATZ- or END-exposed 399 
ones occasionally present follicles with two oocytes (Stoker et al., 2008). Studies of wild 400 
populations of alligators from a pesticide-contaminated area reported high incidence of 401 
multioocyte follicles in females (Guillette et al., 1994). These results allow concluding that 402 
follicular dynamics could be disrupted by low doses of EDCs and that it is a useful 403 
biomarker for EDCs with estrogenic actions even of low potency (Luque et al., 2018). On 404 
the other hand, the disruption of follicular assembly that leads to multioocyte follicles 405 
require, at least in caimans, exposure to estrogenic agonists of higher potency such as E2 or 406 
BPA or to a mixture of EDCs, as reported in alligators (Guillette et al., 1994). 407 
 408 
6. EFFECTS OF AGRICULTURAL PESTICIDES ON THE REPRODUCTIVE 409 
TRACT AND EXTERNAL GENITALIA 410 
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6.1. The Reproductive Tract  411 
The female reproductive tract –called the oviduct in oviparous species- of caimans 412 
shows important postnatal development and differentiation (Galoppo et al., 2016), as 413 
described in other vertebrates. The ontogeny of changes in the caiman oviduct from the 414 
neonatal to the pre-pubertal juvenile stage has been established using a score system 415 
designed to quantify histological features and identify biomarkers of the histofunctional 416 
differentiation (Galoppo et al., 2016). Desmin filaments are responsible for stabilizing 417 
sarcomeres, a fact required to maintain the mechanial integrity of smooth muscle cells. 418 
The expression of desmin has been proposed as a biomarker of the organization and 419 
maturity of the oviductal muscular layer (Galoppo et al., 2016). On the other hand, the 420 
expression of ERα, PR and AR shows that the caiman oviduct could be a target of the 421 
action of EDCs early in life (Galoppo et al., 2017; Galoppo et al., 2016). Moreover, it has 422 
been shown that early postnatal exposure to E2 decreases oviduct ERα expression and 423 
induces AR translocation from the cytoplasm to the nucleus. In addition, early postnatal 424 
exposure to BPA has been found to modify the temporal pattern of oviduct postnatal 425 
development, advancing the adenogenesis process (Galoppo et al., 2017). 426 
In oviparous species, such as C. latirostris, a prominent function of the oviducts is 427 
to provide the ovulated eggs with the egg white proteins and eggshell. In this regard, Stoker 428 
et al. (2013) assessed the relationship between the presence of OCPs that behave as EDCs 429 
in caiman eggs and eggshell features. Their results ggest a direct effect of the exposure to 430 
OCPs on the maternal oviductal functions, evidenced by decreased eggshell porosity 431 
(Stoker et al., 2013). These authors also found that the decreased eggshell porosity led to 432 
decreased hatchling survival at 10 days of age (Stoker et al., 2013). 433 
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Preliminary results obtained at our lab (Galoppo et al. 2017b) have demonstrated 434 
that in ovo exposure of caimans to a single dose of ATZ or END increased the expression 435 
of desmin, suggesting that these pesticides induce the organization and maturation of the 436 
oviductal muscular layer (Figure 1). We have also found that embryonic exposure to ATZ 437 
and END modified the oviductal expression of steroid hormone receptors at pre-pubertal 438 
juvenile stage: exposure to END reduced ERα expression, whereas exposure to ATZ 439 
reduced nuclear AR expression in the luminal epithelium of the C. latirostris oviduct 440 
(Galoppo et al., 2017b). Additionally, prenatal exposure to END increased collagen 441 
remodeling in prepubertal juvenile caimans (Tavalieri et al., 2019b,c), a feature related to 442 
adenogenesis (Galoppo et al., 2016), and increased the mesenchymal area of the oviduct 443 
occupied by glands and gland density (Figure 2) (Tavalieri et al., 2019b,c). These results 444 
suggest that embryonic END exposure modifies the temporal pattern of oviductal 445 
differentiation, namely adenogenesis. 446 
Collectively, the results above-described demonstrate that the caiman oviduct is 447 
highly sensitive to EDC exposure at prenatal or early postnatal developmental stages. 448 
Moreover, changes in histomorphological features, in the temporal and spatial pattern of 449 
steroid hormone receptors, in collagen remodeling ad in muscle-associated protein 450 
expression suggest a precocious oviduct histofunctio al differentiation following ATZ and 451 
END exposure. The modification of the temporal pattern of oviductal biomarkers suggests 452 
that organizational changes could impair C. latirostris oviductal functions and/or 453 
reproductive health later in life. 454 
 455 
6.2. External Genitalia 456 
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In humans, the prevalence of genital malformations a d pathologies is increasing in 457 
many countries, more prominently in those of the western hemisphere (Main et al., 2010). 458 
Several reports have linked the emergence of congenital anomalies such as hypospadias, 459 
cryptorchidism and micropenis, with exposure to EDCs (Agopian et al., 2013; Botta et al., 460 
2014; Hsieh et al., 2008; Main et al., 2010; Wang and Baskin, 2008). Agrochemical 461 
pesticides can be carried off the application site, affecting people, domestic animals and 462 
wildlife. Regarding the effects of pesticides classified as EDCs on wildlife, a high 463 
incidence of cryptorchidism has been reported in the Florida panther (Puma concolor coryi) 464 
related to the presence of EDCs in the environment (Facemire et al., 1995) however a; 465 
genetic component could be contributing to this phenomenon (Mansfield and Land, 2002).  466 
Juvenile A. mississippiensis alligators living in Lake Apopka, a contaminated lake in 467 
the state of Florida (USA), have been found to exhibit reduced phallus size and lower 468 
plasma concentrations of testosterone than those of alligators of similar size living in lakes 469 
with low anthropic activity (Guillette et al., 1999; Guillette and Guillette, 1996). The 470 
alligators living in Lake Apopka showed increased concentrations of DDT stored in their 471 
fat tissues (EPA, 1994). Similar results have been observed within the Kissimmee-472 
Everglades drainage of Florida, where the alligators living in the most contaminated areas 473 
exhibit reduced phallus size as compared with that of alligators living in moderate or low 474 
contaminated sites (Gunderson et al., 2003). A possible explanation for these results is that 475 
both ATZ and dichlorodiphenyldichloroethylene, a metabolic product from DDT, were 476 
detected among the sediment and water contaminants found in the drainage area 477 
(Gunderson et al., 2003). 478 
In crocodilians, the external genitalia (i.e. phallus or clitero-penis) are composed of 479 
an unpaired organ that is considered a sexually dimorphic structure (Allsteadt and Lang, 480 
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1994; Nuñez-Otaño et al., 2010; Tavalieri et al., 2019a). In males, the phallus serves 481 
functions of intromission and insemination into the female cloaca during copulation, 482 
whereas, in females, profuse innervation suggests that the phallus could be associated with 483 
sex arousal and/or involved in a neuroendocrine respon e needed for successful copulation 484 
(Tavalieri et al., 2019a). The phallus size is the most reliable anatomic characteristic used 485 
to differentiate adult and juvenile crocodilian males from females (Nuñez-Otaño et al., 486 
2010). In C. latirostris, males can be distinguished from females when caimans attain a 487 
total length of about 50 cm (Tavalieri et al., 2019a). At our lab (Tavalieri et al. 2017), we 488 
also found that, since the phallus is a hormone-dependent organ, its size may be altered by 489 
exposure to EDCs. Our experiments showed that in ovo exposure to environmentally 490 
relevant doses of ATZ did not affect the phallus length/caiman condition index ratio in 491 
prepubertal juvenile male and female caimans (Figure 3). However, correlations between 492 
male phallus length and caiman body mass showed that the slope of control caimans was 493 
steeper than the slope of ATZ-exposed caimans (Figure 4), suggesting that in ovo exposure 494 
to ATZ slows down phallus growth (Tavalieri et al., 2017). We also found that in ovo 495 
exposure to ATZ alters the protein expression of sex hormone receptors in the phallus of 496 
prepubertal juvenile male and female caimans. As shown in Table 5, male caimans showed 497 
significant decreased expression of AR, evidencing a demasculinization effect. In contrast, 498 
females showed increased AR expression. Our results also showed that the phallus of male 499 
and female caimans exhibited increased ERα expression (Tavalieri et al., 2017). This 500 
altered AR and ERα expression and the decreased testosterone levels in ATZ-exposed 501 
caiman males reported by Rey et al. (2009) suggest that the phallus sensitivity to hormones 502 




Besides their effect as endocrine disruptors, ATZ and END have also been classified 505 
as immune disruptors (Brodkin et al., 2007; Christin et al., 2004; Kumari et al., 2017; 506 
Mizota and Ueda, 2006; Pushpanjali et al., 2005; Singh et al., 2016). At our lab, we found 507 
that exposure to ATZ increases the phallic transversal area occupied by lymphocyte 508 
aggregates (structures comprised of small, highly basophilic, mononuclear cells) in pre-509 
pubertal juvenile caimans (Figure 5 and Table 6) (Tavalieri et al., 2019a). The presence of 510 
lymphocyte aggregates has been described in the phallus of C. latirostris (Tavalieri et al., 511 
2019a) and A. mississippiensis (Moore et al., 2012). Considered as common structures 512 
needed to prevent infections under healthy conditions, lymphocyte aggregates can also be 513 
associated with lesions or pathological conditions (Govett et al., 2005). Increased 514 
lymphocyte aggregates in ATZ-exposed caimans could be the result of increased 515 
lymphocyte proliferation activity, as reported in 21-day-old A. mississippiensis in ovo 516 
exposed to the xenoestrogens tetrachlorodibenzo-p-di xin or ethynyl estradiol (Keller et al., 517 
2005). On the other hand, since immune responses are known to be modulated by sex 518 
hormones (Kovats et al., 2016; Lai et al., 2012), the ATZ immune-disrupting properties 519 
observed in the crocodilian phallus may be a consequence of the alterations caused by ATZ 520 
in hormone levels and/or in the expression of sex hormone receptors. 521 
7. CONCLUSIONS 522 
Endocrine disruption is a potential global problem observed not only in heavily polluted 523 
areas but also in those considered “pristine”. There is particular concern about the 524 
exposures of wildlife to mixtures of biologically active chemicals, which, combined with 525 
other stressors, may play an even greater role in rproductive disorders. This global concern 526 
has been increased by recent evidences supporting the classification of agricultural 527 
pesticides such as ATZ and END as EDCs. 528 
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Published results highlight the usefulness of crocodiles, an order with TSD, not only to 529 
assess estrogenic activity in vivo and as a sentinel to monitor EDCs in wetland 530 
environments, but also as model species to study enocri e disruption and development at 531 
the lab and the consequences of real-life scenarios of exposure to EDCs in the field. As 532 
shown in Figure 6, pesticide application techniques and their massive use constitute a 533 
substantial source of contamination for non-target organisms. This figure also illustrates the 534 
role of the foodweb in this top predator vertebrate. Further studies are required to better 535 
understand the pathways involved and the long-term consequences of the disruption in the 536 
crocodile reproductive system here reviewed. If this is accomplished, we may begin to 537 
mitigate the reproductive impacts of EDCs on wildlife through better-informed policy 538 
decisions.  539 
Mitigating the ecological impacts of chemical pollution from agricultural activities will 540 
require the protection of wildlife from chemical contaminants that already exist in the 541 
environment, removal of these contaminants where feasible, and increasing efforts to 542 
prevent further additions to terrestrial and freshwater ecosystems. 543 
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FIGURE LEGENDS 1040 
Figure 1: Effect of prenatal exposure to Atrazine (ATZ) and Endosulfan (END) on the 1041 
oviductal desmin/α-SMA ratio. Caiman eggs were treated with vehicle (ethanol), ATZ-0.2 1042 
ppm or END-20 ppm topically applied to the eggshell at stage 20 of embryonic 1043 
development (sex determination window) and incubated at the female-producing 1044 
temperature (30°C) until hatching. Animals were raised under controlled conditions, as 1045 
described in detail by Zayas et al. (2011). Females w re euthanized at the pre-pubertal 1046 
juvenile stage, a stage of development previously defined based on biometric parameters 1047 
(Galoppo et al., 2016). The oviducts were dissected and processed until paraffin embedded. 1048 
Desmin and alpha smooth muscle actin (α-SMA) expressions were assessed to evaluate the 1049 
effects of exposures to ATZ and END on the thickness and organization of the oviductal 1050 
muscle layers (Galoppo et al., 2017). Graph: END exposure significantly increases the 1051 
desmin/α-SMA ratio, whereas ATZ exposure shows a trend. Kruskal-Wallis followed by 1052 
Mann Whitney post-test. Representative photomicrographs of oviducts showing the effects 1053 
of END exposure on the oviduct muscular layer (desmin and α-SMA expression). 1054 
Immunohistochemistry developed with DAB and counterstained with Mayer’s 1055 
hematoxylin. 1056 
 1057 
Figure 2: Effect of prenatal exposure to ATZ and END on oviduct adenogenesis. Caiman 1058 
eggs were topically treated at the sex determinatio window with vehicle, ATZ-0.2 ppm or 1059 
END-20 ppm and incubated at the female-producing temperature until hatching. Animals 1060 
were raised under controlled conditions (Zayas et al., 2011). Based on biometric 1061 
parameters, pre-pubertal juvenile females were euthanized (Galoppo et al., 2016). The 1062 
42 
 
oviducts were dissected and processed until paraffin embedded. Morphometric analysis was 1063 
performed following the same procedure used by Galoppo et al., 2020. Graphs: END 1064 
significantly increases the mesenchymal area of the oviduct occupied by glands in pre-1065 
pubertal juvenile caimans. This is due, at least in part, to an increased number of glands. 1066 
Kruskal-Wallis followed by Mann Whitney post-test. On the right, representative images of 1067 
oviducts showing differences in gland number and size. PAS stain.  1068 
 1069 
Figure 3: Effect of prenatal exposure to ATZ on the caiman phallus. In ovo exposure to 1070 
ATZ did not affect sexual dimorphism of caiman phallus biometrics. Left panel: 1071 
Representative digitalized photomicrograph used to measure phallus length, as indicated by 1072 
the double-headed arrow (procedure details in Tavalieri et al., 2019a). Condition index, CI= 1073 
(BM/SVL3) x 100 (Cruze et al., 2015). Phallus from control (VEH-exposed) male (n:17) 1074 
and female (13) pre-pubertal juvenile caimans (samples from caimans of similar body 1075 
condition). Right panel: The phallus length/condition index ratio is sexually dimorphic in 1076 
control pre-pubertal juvenile caimans. In ovo exposure to ATZ did not affect the 1077 
dimorphism, samples from 14 and 13 males and females, respectively. Different letters 1078 
denote significant differences between groups. Kruskal-Wallis test was used to evaluate 1079 
differences. Results were considered significant at P < 0.05. 1080 
 1081 
Figure 4: Effect of prenatal exposure to ATZ on pre-pubertal juvenile male phallus length. 1082 
The length of the phallus measured in control males (■—■) and ATZ-exposed males (▲- -1083 
▲) was positively correlated with caiman body mass. Spearman rS = 0.91 for control 1084 
(VEH-exposed) and rS = 0.84 for ATZ. The slope of the curve in control males was steeper 1085 




Figure 5: Effect of prenatal exposure to ATZ on lymphocyte distribution. In ovo exposure 1088 
to ATZ increased the area occupied by lymphocyte aggregates (Table 6). Representative 1089 
photomicrographs of the phallus shaft exhibiting lymphoid aggregates (Arrow). Phallus 1090 
from pre-pubertal juvenile male caimans of similar body condition; (A) controls (VEH-1091 
exposed) and (B) ATZ-exposed. Hematoxylin-eosin staining. 1092 
 1093 
Figure 6: Effects of agricultural pesticides on non-target wildlife species. The massive use 1094 
of agricultural pesticides constitutes a substantial source of environmental contamination. 1095 
Contaminants reach non-target organisms by the air, w ter, soil and food, affecting the 1096 
health of the wetland ecosystems. As an example, ATZ and END are pesticides classified 1097 
as EDCs, and crocodilians are apex semi-aquatic predators. The figure summarizes the role 1098 
of the food web, the transfer of pesticides from the mother to the eggs, and the key role of 1099 
crocodiles as sentinel of wetland health far from the primary sources of contaminants. 1100 
 1101 
Table 1 . Concentration of Atrazine and Endosulfan in the environment.  

























































<1.0 – 113.0 ng/g 
 























ATZ: 0.03-0.07 ppb 
DACT:0.2-0.32 ppb 




Regaldo et al., 
2018 










































ng/g wet wt 
Ullah et al., 2019 
 
Ullah et al., 2019 
 






Luek et al., 2017 
 






































































































































soluble,  relatively 
long half-life in 
soils 





Bargar et al., 
1999 
*(α+β). ANVISA: Agência Nacional de Vigilância Sanitária, Brazil; APVMA: Australian Pesticides and Veterinary 
Medicines Authority; DTI: Department of Trade and Industry, South Africa; EPA: Environmental Protection Agency,  
OJEU: Official Journal of the European Union; ppb: parts per billion; PPQS: Directorate of Plant Protection, Quarantine 
& Storage, India; SENASA: Servicio Nacional de Sanidad y Calidad Agroalimentaria, Argentina; DACT: 
diaminochlorotriazine (ATZ metabolite); ND: Not detected. 
 
 
Table 2: Mechanisms involved in Atrazine and Endosulfan endocrine disruptive actions 
 










































Fan et al., 2007; 
Holloway et al., 
2008; 
Luque et al., 











Hayes et al., 2011 
 
 
Xiang et al., 2017 
 























modulation of ER 
expression 
Lemaire et al., 
2006; Li et al., 2013 
Milesi et al., 2020 
Soto et al., 1994; 




Lemaire et al., 
2004; Viswanath et 
al., 2010 
Sebastian & 
Raghavan, 2015.  
 




Vonier et al., 1996. 
 
 
Milesi et al., 2017 
CAR: constitutive androstane receptor, ER: Estrogen Receptor, PR: Progesterone Receptor, PXR: 
pregnane X receptor, THR: Thyroid Hormone Receptor.  
 
 













Reported Effects References 
Oryzias latipes 5 µg/L Rearing water. 
Embryo, for 12 days 








Effects on reproduction, fertility and 
expression of genes related to 
steroidogenesis and DNA methylation in 
gonads: 
-Males: Reduced fertilization rate, 
sperm count and total motile sperm. 
Increased expression of star and fshr 
genes in testis. 
-Females: Decreased expression of the 
methyltransferase dnmt1 gene in 
ovaries. 






Lifelong, for 2 years 
(from hatching to 
sexually maturity). 
Sexual maturity 
(2 years old). 




feminized laryngeal morphology and 
decreased breeding gland size). 
Reduced plasma T levels. 
Increased expression of aromatase. 
Decreased frequency of tubules 
containing mature sperm. 
Reduced fertility rates. 
Altered behavior in mating choice 
(inability of atrazine-exposed males to 
compete with unexposed males for 
access to females). 
Hayes et al., 
2010 
Acris blanchardi 0.1 µg/L Rearing water. 
Larval, for 
approximately 62 
days (from free 







Feminized sex ratio. 
Hoskins and 
Boone, 2018 
Rana pipiens 1.8 µg/L Rearing water. 
Larval, for 
approximately 82 
days (From Gosner 







Decreased survival rate. 
Induced female-biased sex ratio. 
Increased expression of era in brain. 
Abolished sexual dimorphism in liver 
expression of srd5b. 








applied to the 
eggshell). 
Embryo, exposure 
with a single dose 
applied at stage 20 
of embryo 
development. 
24 hours post 
treatment and 6 
months post 
hatching. 
Changes in the expression of genes 












applied to the 
eggshell). 
Embryo, exposure 
with a single dose 




49 days post 
treatment). 
Increased egg weight loss 









applied to the 
eggshell). 
Embryo, exposure 
with a single dose 




22 (5 days post 
treatment). 
Embryo stage 
24 (14 days post 
treatment). 
Embryo stage 
27 (29 days post 
treatment). 
Male gonad, 
Increased amh and sox-9 gene 
expression. 
Increased ERα, PR and aromatase 
protein expression 
Increased cell proliferation. 








applied to the 
eggshell). 
Embryo, exposure 
with a single dose 







Ovaries of exposed caimans showed an 
increase in type III follicles. 
E2 circulating levels were not altered 
T circulating levels significantly 
decreased 







applied to the 
eggshell). 
Embryo, exposure 
with a single dose 







Disrupted the testicular 
histoarchitecture, resulting in 
disorganized and tortuous seminiferous 
tubules. Increased seminiferous tubular 
perimeter, loss of intratubular 
intercellular connections and either 
emptied tubular lumens or luminal 
cellular detritus were observed. 
T circulating levels were not affected. 












applied to the 
eggshell). 
Embryo, exposure 
with a single dose 






GAM showed a tendency to produce in 
vitro higher than normal levels of 
aromatase in developing testis 








Different administration routes, times of exposure and 
times of endpoints evaluation. 
Atrazine induces testicular lesions in all 
vertebrate classes examined 
Revised by 
Hayes et al., 
2011 
Doses between parentheses, original ATZ doses were transformed to µg/L to allow proper comparisons.  fshr: Follicular stimulating hormone receptor gene. 
star: Steroidogenic acute regulatory protein gene. dnmt1: DNA (cytosine-5)-methyltransferase 1 gene. ppb: parts per billion. T: testosterone. era: Estrogen 
receptor alpha gene. srd5b: 5-beta reductase gene. ppm: parts per million. amh: antimüllerian hormone gene. sox-9: SRY-box transcription factor 9. ERα: 
Estrogen receptor alpha. PR: Progesterone receptor. E2: Estradiol. 
 
Table 4. Effects of natural or experimental exposure to endosulfan (END) on the reproductive system of aquatic/semi-aquatic wildlife 
Species END Dose Route of 
Exposure 
 













for 35 days through 
rearing water). 
Embryo, for 24 hours. Hatching. Delayed hatching time. Wirth et al., 2001 
0.2 µg /L 
Rearing water. Adult, for 27 days. Adult. Reduced number of gravid shrimps. Wirth et al., 2002 
Daphnia 
magna 
45.8, 91.7, 229.3 
and 458.7 µg/L 
Rearing water. 
Lifelong (from less 
than 24-hour-old 
specimens to sexual 
maturity). 
Adult. 
Decreased offspring number. 
Decreased female total length. 
Decreased brood size and delayed brood 
release. 
Decreased molt frequency. 
Palma et al., 
2009 
45.8, 91.7, 229.3 





neonate to sexual 
maturity through 
rearing water). 
Embryo, for 96 hours. Neonatal. 
Development of morphological 
abnormalities. 
45.8, 91.7, 229.3 
and 458.7 µg/L 
In vitro (through 
embryo culture 
media). 
Embryo, for 96 hours. 
 
96 hour old 
embryos. 
Neonatal. 
Decreased embryo survival rate. 








Decreased RNA expression of testis-
related transcription factors (dmrt1, 
sox9a and wt1). 
Decreased RNA expression of 
Rajakumar et al., 
2012 
steroidogenic enzymes (11β-hsd2, 17β-
hsd12 and P450c17). 
Decreased testis somatic index. 
Decreased number of spermatocytes. 
Caiman 
latirostris 
2 and 20 ppm 
(2000 and 20000 
μg/L) 
In ovo (solution 
applied to the 
eggshell). 
Embryo, single dose 
applied at stage 20 of 
embryo development. 
At hatching (40-
49 days post 
treatment). 
Increased egg weight loss. 






2 ppm (END2) 




(20, 200 and 2000 
μg/L) 
In ovo (solution 
applied to the 
eggshell). 
Embryo, single dose 






With END2 and END20, a tendency to a 
higher proportion of type III follicles was 
observed. 
With END0.02, END2 and END20, E2 
circulating levels were not altered.  
With END2 and END20, T circulating 
levels significantly decrease. 




2 ppm (END2) 




(20, 200 and 2000 
μg/L) 
In ovo (solution 
applied to the 
eggshell). 
Embryo, exposure 
with a single dose 






With END0.02, END2 and END20, 
disrupted the testicular histoarchitecture, 
resulting in disorganized and tortuous ST, 
loss of intratubular intercellular 
connections and either emptied tubular 
lumens or luminal cellular detritus were 
observed.  
With END0.02 and END20, an increase in 
the ST perimeter was demonstrated.   
With END2 and END20, increased 
apoptosis in ST and decreased T 
circulating levels were observed. 
With END20, decreased cellular turnover 
in neonatal testis was observed. 
Rey et al., 2009 
20 ppm 
(20000 μg/L)  
In ovo (solution 
applied to the 
eggshell). 
Embryo, exposure 
with a single dose 






(90 days post 
hatching). 
Juvenile (older 
than 12 months 
post hatching). 
Males, 
90-day-old and juvenile, 
Altered histoarchitecture characterized 
by disrupted seminiferous tubules with 
empty lumens.  
Higher proportion of interstitial tissue, 
rich in extracellular matrix. 
10-day-old, 
Increased expression of amh, Sf1 and 
Sox-9 genes. 




In ovo (solution 
applied to the 
eggshell). 
Embryo, exposure 
with a single dose 













At 10-day-old, 90-day-old and pre-
pubertal juveniles, disrupted testicular 
histoarchitecture, disorganized and 
tortuous ST.  
90-day-old, lower proliferation index in 
the ST. 
Pre-pubertal juveniles, tendency to 
decreased ERα expression and a different 
distribution pattern of ERα in the ST.  
Durando et al., 
2016 
Doses between parentheses, original END doses were transformed to µg/L to allow proper comparisons. dmrt1: Doublesex and mab-3 related transcription factor 1 gene; 
sox9a: SRY-box transcription factor 9a gene; wt1: Wilm´s tumor 1 protein gene; 11β-hsd2: 11β-hydroxysteroid dehydrogenase 2 gene; 17β-hsd12: 17β-hydroxysteroid 
dehydrogenase 12 gene; P450c17: Cytochrome P450c17 gene; ppm: parts per million; amh: antimüllerian hormone gene; Sf1: steroidogenic factor-1 gene; ST, seminiferous 











Male VEH (n=9) Male ATZ (n=6) Female VEH (n=8) Female ATZ (n=6) 
Androgen receptor (% of AR+ epithelial nuclei) 
Glans sulcus 
epithelium 
46.3 (35.0 - 73.3) 43.3 (15.1 - 82.8) 8.1 (1.4 - 30.7) 18.1 (9.8 - 33.8) 
Glans cavity 
epithelium 
71.7 (57.5 - 84.7) 37.9 (20.1 - 59.4) * 6.4 (0.7 - 48.8) 18.3 (9.8 - 33.8) * 
Estrogen receptor alpha (% of ERα+ epithelial nuclei) 
Glans sulcus 
epithelium 
47.9 (43.4 - 70.6) 67.8 (35.7 - 71.9) * 7.9 (1.4 - 24.1) 40.6 (7.5 - 59.9) * 
Glans cavity 
epithelium 
54.7 (28.4 - 80.3) 82.1 (61.6 - 89.7) * 8.9 (0.5 - 52.9) 43.4 (2.6 - 46.9) * 
a
Phallus regions as described in Tavalieri et al. (2019a). AR and ERα expressions were 
evaluated by immunohistochemistry. Results are expressed as percentage of positive 
stained nuclei, median and (range). Asterisks denote significant differences with the 
control. Mann-Whitney test was used to evaluate differences, results were considered 
significant at P < 0.05. 
 
 
Table 6: In ovo exposure to ATZ increased the area occupied by lymphocyte aggregates in 
the phallus of both male and female juvenile caimans 
 
Phallus region Male VEH (n=9) Male ATZ (n=6) Female VEH (n=8) Female ATZ (n=6) 
Shaft 0.74 ± 0.30 6.87 ± 1.77 * 0.50 ± 0.32 2.7 ± 1.39 
Glans 0.17 ± 0.06 0.73 ± 0.25 0.53 ± 0.24 2.82 ± 0.79 * 
 
Values represent area of transverse section of the phallus (at least 3 sections/sample) 
occupied by lymphocyte aggregates. Number of samples, (n). Morphometric analysis was 
done following procedures previously described (Tavalieri et al., 2019a). Results are 
expressed as mean ± SEM. Asterisks denote significant differences with the control. 
























Evidence showing the endocrine-disruptive potential of ATZ and END is reviewed 
Crocodilian ecological and physiological features make them a sentinel of wetland health 
Apex predators are currently exposed to banned pesticides through the food web 
Crocodilian reproductive tissues are highly sensitive to the effects of END and ATZ 
Transgenerational consequences of ATZ and END exposure could be expected 
